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INVESTIGATION OF PRUSENT AND FUTURE
VIBRATION ENVIRONMENT

~

PREFACE

in January 1971,

was awarded a contract to investigate the vibration environment

as it affects operation'of specialized equipment, The equipment is of

_ a nature that present ambient vibration levels are limitiné its performance
A capabjilities. In some areas of the structure, operations have been com-
pletely disrupted and have ha¢. to be relocated to other portions of the

building., The sources of thg detrimental vibratinns include mech.nical

STAT

" equipment sfléet traff’c, railroad traffic; people walking

ina the building and normal activities such as opening and closing doors. To

further complicate the environment, a new subway system is proposed im-

STAT
mediately adjacent Therafore, in view of the known scnsitivity

of the present equipment to existing vibration levels, it apperred likely
fhat the operations of the new subway may very well produce & vibration

envivonment which would severely limit the operating capabilities of certain

/ «

instruments,

Phase I of this investigation, which deals with ambient
vibration conditions, 18 completed and summarized herein, Thé data and
detailed descriptions of cach group of measurements will be submitted in
Appendix A, as a separate volume., Phase II, which deals with the effects
of the subway, is cssentially completed, except for a few additional

computer runs which are considered important. These will be reported in

Appendix B as a separatc volume. Nevertheless, sufficient analysis has

3

been completed to draw firm predictions regarding the vibration environment

STAT
after the subway is completed,

*
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PHASE I
INVESTIGATION OF PRESENT

AMBI Mmuauijvm,s STAT
if

A INTRODUCTION
g { Phase I of the total investigation deals with the existing STAT
vibration environment As mentioned in the Preface, .
STAT

houses vibration-sensitive process equipment which is presently

being disébrbed by several sources of vibration, Thé objecfive of Phase I
is to define accurately these sources and suggest modif’cations to the
structure, auxiliary equipment or the process equipment 1tse1f to alleviate
the situation and to provide a basis for assessing the effects of a proposed

subway system which 1s treated in Phase II,

throughout in the early part of 1971, Vibration measurements

were taken at the locations of various types qf séns{ciﬁé equipment and at
numerous vibration sources using velocity-t}pe transducers, a storage
oscilloscope, and an oscilloscope camera. The oscilloscope 18 capable of
displaying two traces, which permits simultaneous comparison of amplitude
and frequency at two locations, In most cases, the vibrations producing
the greatest effects are usually at a predominant frequency which can be
readily determined from the type of measurements obtained for this investi-
gation, Therefore, a complete amplitudc-frequency spectra was not necessary,
The subsequent sections of this report briefly discuss the main
sources of disturbing vibrations, with comments regarding thelr probable

@ffect on the process equipment, and the results of measurements on a particularly

l ‘ As an initial step in Phase I, a measurement program was conducted

Declassified in art - Sanitized Copy Approved for Release 2012/08/30 : CIA-RDP79B00873A000800020086-1
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sensitive work bench, The details of vibration traces fbr all groups

of measurements are containéd in Appendix A,

SOURCES OF VIBRATION

Many sources of vibration exist within th# area, and

no single piece of equipment or system can be considered as the major source,
For the most part, the vibration levels are relatively low, but usually with a

predominant frequency., Generally, it is possible to identify a single source

of vibration only in a few instances. immediately adjacent

houses the equipment for heating, veutilation, water and

other utilities for This inclydes air-compressors, ccoling

tcwers and the air-handling units, The characteristics of the vibrations
produced by each of these are summarized in the following paragraphs,

Air-Handling Units

Yibration measurements were teken on theiducta and junctions as
well il the housing of the fav; that make up the air-handling unita. fhc
vibration’meacurements dre most meaningful in terms of the frequency charac-
teristics, Tﬁé amplitudes qf the notions are not of particular inpoftance.
This occurs because tle vibrations'}roduced in the duéé work within{]
are of an acoustical or high frequency nature and are trsnsmitted by

| H,
pressure fluctuations rathcr than mechanically. Mechanical trcensmissions

wete observed only in a few instances and these w:re for short distances

along sheet metal ducts. The data show) below in Tahle I-I are a summary

of vibrations measured in related to air handling units,

Tn many instances, the vibration frequencies are within the 15 to

25 Hz range which coincides with the natural f.equency of the floor slabs

!
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and is also within the range of the natural frequency of the work
benches described below,

l N 3.

TABLE 1-1 :
SUMMARY OF AIR-HANDLING UNIT VIBRATION DATA

Unit Frequency Amplitude
l : Rzk Incher
(i H
l Air Randling Umi* No, 1
26.3 5.7 x 107°
' 25.0 2.7 x 107
37,0 C4sx 1070
l Air Handling Unit o, 2 ' | .
1 e 1,5 x 107
l 1744 2:1 x 1073
- | ' 16.7 1.1 x 1073
| K 17,7 6,2 x 1074
' | 33.3 8.1 x 107
‘ " 37.0 4.0 x 107%
l Air Handling Unit No, 2E
12,1 1.6 x 1072
l 72.2 6.9 x 107%
l Air Handling Unit At ,
Soutl. End STAT
l 21.1 2.1 x 107
26..6 1.6 x 1073 A
l 33.3 1.4 x 1072
l %Hz {s the abbseviation for Hertz and has dimensions of cycles per second.

Ay
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Cooling T:wer No, 1

Measurements were made on the circular frame a: the top of the
cooling tower to record the frequency of steady-state vib.. ..cns generated
by the fan. Frequencies varied between 33 and 38 Hz and th: amplitudes of

-3
motion were less than 10 ° inches. Steady vibration: at these frequencies

were not observed at any location within Thus, the cooling

tower is dismissed as a significant source of vibration.

Air Compressors

Two types of air compressors are located in the north end of

nd run intermittently., The vibrations transmitted Lo the

surroundinug floor are summarized in Table I-1I.
TABLE I-1I

SUMMARY OF AIR COHMPRESSOR VIBRATION DATA

Frequency Amplitude
Item Hz inches
DeVilbiss Compressors 10 1.1 x 10~3
20 L2x 107
Worthington Compresscrs 8.7 3.2 x 10-4 g ‘
| 18.2 1.1 x 1074

These vibrations are again within the natural frequoncies of floor
slabs and the work benches. However, i{f 'hey were a signiiicant contribution,
1t would be easy to corrclate the periods of high vibration with the on cycle
of the conpressors since they produce a steady vibration as opposed to a random

vibration. Viorations of this naturc were not observed at any location within

3
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Vibrations From Rock Crushers

The U. S. Geologic Survey occupies the south half of the sixth

STAT
floor where several rock crushers are housed. When in

‘ operation, one of two types of crushers generates vibrations through recip- |
roca;ing sction of a pair of jaws. Vibrations of 13 to 16 Hz at an amplitude
of 1.3 x 10-4 inches were observed. The second type uses rollers rather
than reciprocating action, and as a result, negligible vibrations are

produced.

In some cases, larger pleces of rock must be broken with a sledge : 1
hemmer so that they may be fed into the jaw crusher. The sledge hammer i
impact excited the natural frequency of the floor system (15 to 17 Hz) at
& peak cransient amplitude of approximately 4 x 10-'S inches, The natural

frequency of the floor was determined by measuring the response caused by

”~

euddenly applying one's weight to his heels. This produced a peak amplitude
of 6.8 x 10°4 inches at 14.7 cycles per second. The rock crusher and sledge
hammer operations are definitely a problen for sensitive equipment located
within several bays of the source. However, the periods of operation are

relatively short and, if need be, a coordination of operations could possibly

oty
Yo

be worked out.

Vibrations From M-Street Traffic

Vibrations from traffic running along M-Strect were measured at

the ground surface approximately 30 feet west of the noirthwest corner of

STAT

A summary of the significant vibration levels recorded at

this point‘are given in Table I-IIT1.

-
"
e
Pt
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8.
TABLE 1-111
SUMHARY OF GROUND MOTION
RESULTING FROM M-STRLEZT TRAFFIC
Description Yrequency Anplitude®
Hz Inches
Cars and Buﬂfes:
Vertical 10.0 3.2 x 1076
" 11.8 5.4 x 1078
" 14.3 4.5 x 1078
Radial 12.9 2.5 x 107°
" 11.1 1.9 x 107°
" 11.1 4.1 x 1073
Trucks & BusJes:
Vertical 1.1 5.4 x 107°
" 11.8 4.1 x 10°°
2 10.9 1.2 x 1074
Radial 11.0 1.5 x 107
" 12.5 1.2 x 107
" 11.0 ] 2.6 x 107°

* Measured 310 feet west of the northwest ccrner SIAL

o
.
N P . . -—a .
73, i .
N R N B D N I B O T e B aEm

The significance of these vibrations is that the frequencies ate

predominantly 10 to 12 Hz which is typical of the frequency of motion that {is

it
e

-
. e

)

STAT

most readily transmitted through the ground in the vicinity

The amplitudes of motica are relatively low and occur at infrequent intervals--

]

-

more in the form of an impact rather than a steady input since the vibratfons

are produced only when the veh cles are passing over a rough spot.

S
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Vibrations From Railroad on First Strecet
A railroad siding to the weat of STAT
STAT
intermittently used to switch cars located in the Navy Yard south of
STAT

[::::::::] During the passage of this train, ground vibrations are produced
from impact as the train passes over joints on the ralls. Ground vibrations
were measured a: the same location as for the traffic on M-Street. The
vibrations produced by the train are listed in Table 1I-.V.

TABLE I-1V

SUMMARY OF GROUND MOTION
RESULTING FROM RAILROAD TRAIN

[ Frequency Amplitude
Description Hz Inches
Vertical 11.1 6.2 x 107
" 29 3,5 x 107
i Radial 25 8.1 x 1076
" 28 .6 x 107°

These vibrations are similar to those caused »y vehicles on
M-Street except for some of the higher frequency coutents,

Vibration Measurements of the Work Bench on the Fifth Floor

Measurements were made of the vibrations of the newest model work

D
u

bench which was set up in an office on the fifth floor at the north end of
the building. On this particular instrument, the problem arises from rela-
tive movement between the bench top and the mechanisn cantilevered from the
beam across the back of the instrument. Typical vibration records associated

with this instrument are shown on Figs I-1, 1-2 and I-3, Figure I-1 shows

Declassified in Part - Sanitized Copy Approved for Release 2012/08/30 : CIA-RDP79B00873A000800020086-1
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the vertical and horizontal motions of the floor supporting the work bench
at the center of the bay between columns. Record No. 42 represents an im-
Pact from a light thump on the floor which produces free osclllations of the
floor system at its natural frequency. The traces on Record No. 42 indicate
that the floor frequency is approximately 15 cycles per second, and that {t
18 easy for a person to produce a vibratlon which exceeds the ambient level
by a factor of 4 or 5. Recocd No. 43 shows thuat the predominant ambient
vibrations of motion are 18.5 to 20 Hz at an amplitude of 3.2 x 10-5 in the
vertical direction and 4.5 =« 10-6 in the horizontal direction.

Record No. 45 on Fig 1.2 ig a comparison of the vertical vibration
of the flcor with the vertical vibration of the glass on the work bench. Both
traces are at the same scale and, thus, a direct comparison can be made.

It i1s seen that the table vibrations are clightly greater and that bhoth
vibrations, of course, contain the same predominant frequencies.

Record No. 46 shows the vertical motion of the cantilevered instru-
ment in comparison to the vestical motion of the work bench. The scale set-
tings are the same for both traces, and therefore, the amplification c¢f motion
cn the cantf{levered instrument is readily seen. The frequency of the top trace
represents the natural frequency sf *he instrumeat which 1s about 16 Hz. The
amplitude of the motion of the instrument ie 5.1 x 10-4 inches and represents
an amplification of appioximately i times the amplitude of the top of the work
bench. Record No. 47 compares the horizontal motfon of the cantilevered instru-
ment with the light table. It is this movement which 18 causinrg the problem

arsociated with using the instrument at its full capacity, The frequency of

Declassified in Part - Sanitized Copy Approved for Release 2012/08/30 : CIA-RDP79B00873A000800020086-1
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horizontal vibration of the cantilevered portion is 16,7 iz at an amplitude of
of 2,3 x 10" inches, The amplitviﬁigyphorizontal vibration of the work
bench is approximately one-tent! :hxg value, and thus, the top trace is
approximately equal to the relative motion between the cantilevered instrument
and the light table. These results sho7 that the natural frequencies of the
instrument coincide with the natural frequency of the floor. Since thie inass

of the irstrument is relatively small compared to the mass of the floor, high

amplification factors are produced in the cantilevered system.

Ambient Floor Vibrations

Ambient floor vibrations.were measured at many locations within

and the results are plotted in terms of peak displacement versus

frequency or Fig I-4, Vibraticns recorded during the passage of trucks, busses
and a train are plotted on the same figure. The data are considered to rep-
resent a statistical collection since measurements were made over a wide

range of locations within the structure. The floor vibrations show an increas-

ing trend at higher floors with frequencies between 15 and 25 "z. This fre-

quency range corresponds to the natural frequencies of the flooi

[:::::: Ground vibrations predominantly occur between 10 and 12 Hz. To provide
a physical reference for the amplitudes of motion, levels of human perception
are indicated. It is common practice to assume that for an ordinary structure,
vibrations below the limit of "barely roticicable to persons" represent a
"wibration-free" environment.

Vibrations from Ventilation Ducts

Vibration measurements were conducted on the fourth floor at the

north end of o determine the amount of floor vibration contributed

Declassified in Part - Sanitized Copy Approved for Release 2012/08/30 : CIA-RDP79B00873A000800020086-1
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by the ventilation ducts, Measurements were taken on the floor with the
air ventilating syste:. on and off. A summary of the measurements 1s given
in Table 1I-vV,

TABLE I-V

COMPARISON OF VERTICAL FLOOR VIBRATIONS WITH
VENTILATION SYS1EM ON AND OFF

Description Freg:ency A?si;;:de
Vent{lation On 20.0 12.0 x 10»6
25.0 8.9 x 1070
28.6 14.0 x 107°
Ventilation Off 20.0 11.0 x 1078
23.8 8.4 x 1079
26.7 6.0 x 1076

The conclusion to be drawn is that 100 percent effective corrective
measures to the ventilating system would reduce the amount of vibration by
less than 50 percent. From a practical standpoint, this would produce marginal
improvements and only within the immediate vicinity of the ventilation duct,
The reduction would probably be unnoticeable scveral bays from the vent{lation
duct,

CONCLUSION

For most areas of the vertical vibration levels of

the floor are within a range generally considered to be "vibration free" for
ordinary structures. The vibrations are random in nature and occur at the

natural frequency of the floor rystem. The vibration levels are of the order

Declassified in Part - Sanitized Copy Approved for Release 2012/08/30 : CIA-RDP79B00873A000800020086-1
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of magnitude that are easily produced by the normal office type operation of
people working within a buflding. Certain isolated arcas near ventiiation
ducts and the rock crushers on the sirth floor vibrate at amplitudes somewhat
greater than the average.

It is concluded from the above that a reduction in the_yibratggn

—

leve) of the floors W eonomically feagsible. C. .-

—

rections to the vibration problems associated with equipment can be most

effectively produced by modifications to the equipment. If a more vibration

e

free environment is required, a completely different type of stru:tural
system, specifically designed to minimize vibrations, should be corsidered.

This, of course, means that a new structure would have to be built.

3
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PHASE 11
INVESTIGATION OF THE EFFECTS OF THE CONSTRUCTION
AND OPERATION OF THE SUBWAY SVSTLM
INTRODUCTION
This portion of the rcport deals with the investigation of the

effects of the construction und subsequent operation of the proposed subway

beneath M-Street, approximately 45 feet from the north face

Construction activities are of concern because of possitle settlement due to
loss of z0il during tunncling and due to consolidation during dewatering,
Vibrations caused by construction activities are of lesser concern because
the tunneling will take pluce through soil and no blasting or high-speed
construction equipment will be involved. After the subway is completed,
high-speed tiains will be operating, and these will produce vibrations
which are considered to be of a more serious nature.

To carry out this investigaticn, several disciplines were drawn
upon to perform the ena.;=is. Soil dynamics and geophysics were required
to determine the dynumic characteristics of the soil with respect to vibra-
tion transmission whilc structural dynaricr principles were required to
formulate the structural model. Finally, a specialist in dynamic finfte
element computer techniques was used for an analytical solutfon of the sofil
response to the subwiay input.

After deternfning the site's characteristics and the gencral nature
of the structure, a nathematical model representing the complete system from
the subway to the structure was formulated. The model was then subjected
to a vibrating input motion characteristic of the proposed subway system as
predicted by WMATA consultants, The output from the model consisted of floor
response motion which provides a dircct basis for assessing the effect of

the subway on the operation of equipment resting on ecach floor.
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To simplify the presentation of the Phase II investigation, the
’ various portions that make up thr total system are described individually
; in the following sections of th(s report.

SUBWAY SYSTEM

The general location and cross-scction of the subway system in

the vicinity are shown on Figs 11-1 and 1I-2, The building STﬁ;

STAT

STAT

Trains traveling between these two

stations are scheduled to operate between 60 and 65 miles per hour traveling

east and 55 to 60 miles per hour traveling west, The system 1s scheduled

go that the direction of travel may vary from time to time in any one

particular tube. The tunnels will be constructed using earth boring tech-

STAT

teclinique will be used to the east. Since sands and gravels will be en-

countered during the tunneling operaticn, it will be necessary to provide a
dewatering system to prevent flow of material into the face during construc~

tion. The present schedule {s tu begin construction i{n July of 1974 and

\

? to finish by August 1976; actual operation of the subways is scheduled for

) October of 1977,

The Nature of Vibrations Caused by Subway Trains

The nature of vibratiuns caused by the operation of a system of
subway trains has been reviewed by considering data obtuined by Wilson, Ihrig,
and Associates, consultants to the WMATA., They have measured subway vibra-

tiot s at two locations in Toronto, Canada, where the subway structure is

;MF‘
l niques imédtately in front and vest of while a cul and cover

heoowt . R PERAE A PR R I IS LAY
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located in loil.(l) Their data were analyzed with octave band filters

and reduced to a moticn spectra which plot root aean square acceleration
versus octave band center frequencies as shown typically on Fig 11-3. The
data shown on this figure have been converted to displacements to be conm-
patible with the computations {1 our investigation. Por purposes of
analysis of structural response, the vibrations below 30 cycles per second
are significant, whereas the higher frequencies represent acoustical vi-
brations which are relatively unimportant.

Factors Which Will Cause Lower Vibrations at the Washington Fac{lities:

There are several differences between the Toronto System weasured
by the WMATA consultants and the system proposed by WMATA., Some of these

differences will create t more stable vibretion environment while others

viionment.
The rail fasteners for the Washington Syatem will have s lowor

spring coufficient which should reduce the magnitude of vibration at frequen-
cies above 30 iz but will not significantly reduce the magnitude of motion
between 3 and 30 liz which {s of corcern in atvuctural response analysis,
Secondly, the Washington trains will be wquipped with non-slip automatic
braking syatems which will reduce the formation of flat spots caused by wheal

slippage. Flat spots, which are common to the Toronto System, are a princi-

pal source of vibrations on poorly maintained systems., lence, their absence

should tend to improve the situatior

]
QI'
l (as discussed in the n2»t section) will tead to create a more adverse en-
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: rlctorn Hhich u111 Cause Higher Vibrations at the Washington Facllitle-:

1 The HMATA trains in the vicinity will operate

. at 60 tn 65 nixes per hour; whereas, the Toronto System operates at 40 to

iy

- 45 nilén per hour, Vibratioa levels are generally found to be proportional

to velocity,ynnd_therofote. Fig 1I-4 was prepared with approximate correction
factors for 00u4}tions at WMATA. Another factor which may produce a slightly
higher vibration environment is the use of two separate tunncls, as proposed
by WMATA, rathar than a single, wide tunnel. However, within the frequency
range of intercop to this investigation, it is believed that this effect

will be minimal,

In both subway aystems, continuous welded rails are used, thus
eliminating a potential source of vibrations at rafl Joints. Some consldera-
tion 1s being given by WMATA to specifying a concrete liner as opposed to a
steel liner for the subway tuben to reduce acoustical vilrations. From a
structural response standpoint, it appears that the concretv tube would prob-
ably be the better choice; but for frequencies less than 30 Ez, the difference
between the two liners will probably be insignificant

SUBSURFACE INVTSTIGATION

During the perfod from February 23 to March 22, 1971, a series of

five test borings were drilled at the site’ The purpose of

these borings was to determine the sofil profile and dynamic soll properties,

A plan of the borings in relation ‘s shown on Fig 11-5,

Figures 11-6 and II-7 show interprcted soil profiles based on the logs shown

on Figs I1-8 and 11-9,

SRR 08 o ataﬁ&a B
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Borings Nor,1 and 2 which were intentionally drilled az a pair
were placed 19 fect apart and drilled to a depth of 105 feet while Borings

Nos. 3 and 4, also a predetermined pair, were placed 40 feet apart anc

drilled to a depth of 85 feet. To complete the soil profile under

Boring No. 5 was drilled in front of the building to a depth of 81 feet.

The dynamic snil properties werc measured in the field using a cross-hole
velocity measurement technique with each of the two pairs of borings mentioned
above. Ae the drilling progressed, seismic tests vere conducted on five-

foor intervals and at approximately the same depth in a pair of two adjacent
borings. In conjunction with the seismic study, split-spcon and undisturbed
piston samples were pushed at various intervals to obtain samples for

laboratory testing.

The soils uaderlying onsist of 8 to 10 feet of fill

material underlain by terrace deposits down to El =30 to El -40, According
to the WMATA conaultanta.(z) the terrace deposits arc of Pleistocene age, and
the lower boundury at E! =30 to El =40 marks the location of Creteaceous unediments,
The uppermost terrace deposit is a layer of soft to medium hard silty clay that
extends to approximately El -7, where a four-foot thick layer of sof: organic
clay occurs, Underlying this clay are medfum dense to very dcnse interbedded
layers of sand, gravel, and silt vhich extend to approximately El =70, A
very hard silty clay was encountered at El ~70 and extended to the bottom of
the boring at E1 -85.

The seismic study was undertaken to determine the dynamic soil prop-

erties necessary for the prediction of the vibrations wiich will Le transmitted

(2) Report Ko. 4, Contract MOD. No. 327021-009, Bullding 213, Washington Navy

Yard, Sc Section 1003L__rnuch Roulc, Subqurfacc Investigation, by Mueser,

- -

Rutie e, Wentworth and Johnston, dated April 20, 1971,
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U m- the pmmd wtmﬂ mm ;Mo shovs & sehemaric
‘tncran of the -nchoﬂ nad oqutp-cat uool to -saouro thc cross-hole compres-
sion wavc (Puocvo) aad .h..r vave (s-vuvo) vclocttios in the various lsyers.

!astcully. P nnd s wn#on wnrc ;cnaratsd by a hal-nr ntrlkla' the drill rods
attachcd to thc -p11t~opoon la-plor. An slactrical pulse is generated at

tho time of impact, and the time intorval from impact to cho arrival of P

and § wvaves in thc adjaccut borohol. vas I.flutld vith a storage oscilloscope.

0 AR
This type of owsc!lloscope is advantageous since seversl records may be made

and stored for comparison of the generated wave forms, Figure II-11 ghows
a typical recording of the P and S wave arrivals along with typical calcula-
tions of the wave velocities. The § wave varies from 800 feet per second
near the ground surface (o 3000 feet per second at 100 feet. Correspondingly,
the P~wave increased from 5000 feet per second to 7700 feet per second.
Since there is only a slight variation in the ss{l profile and measured vel-
ocities at each end of the building, the plot on Fig II-12 was used for the
dynamic properties of the soil profile.
DEVELOPMENT OF THE STRUCTURAL RLESPONSE MODEL

The syatem under consideration, as shown on Fig II-12, consists of
a frame structure .esiing on a half space with two tunnels running normal to
the direction of the s:.ructure. For purposes of computation, the structural
framo was separated from the half space and modeled as an independent lumped
parameter system. Then, a finite elcment analysis was conducted on the
underlying half space with due account given to the presence of a structure

at the surface. The output for the finite element program then served as

.
» . .
.
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' v input for the frame nalysis. This section dtulwuci the formation of the
;?’}yg frame model while subsequent sections describe tiie !1n§tf elesent analyeis
of the soil‘rosponlc.
is basically a reinforced concrete structure, 180 x STAT

400 feet in plan dtncngion. six stories high and supported by spread footings
on 20-foot centers, The first floor /s a slab supported on grad.c. The
structure in ics original form was only four stories high, iuc two additional
floors were added at a later modification. The two top floors are anlteel

frume with reinforced concrete slabs.

A lumped-parameter model for the dynamic analysis of the structure
was formulated with node points at the column floor intersections and midway
between the columns, Wi:l this model, it was possible to analyze both the

horizontal and vertical response of the floor system from inpute at the foun-

culatud using a digital computer., Six horizontal modes ¢f vibration wore com-
puted ranging from 1.0 to 11,6 Hz, The natural frequencies for vertical
motion were Zowputed and compared with the natural frequencies messured during
the vibration fnvestigation for Phase I, The model was then adjusted so that
thc.natural frequencies in the vertical direction agreed with those actually
measured. This provided an accurate mod~l for vertical motion of the floor
system.

The mecasurements made of the ambient vibrations indicated that the
horfzontal and vertical motions were quite simflar in frequency zonteat,
There frequencies cofucided closely with the computed vertical natural fre-
quencies of the floor slad, {ndicating that the vertfcal natural frequencies

are an important foctor {n the analysis of vibrations.

&
l dation. The natural frequencies for horizcntal and vertical motion were cal-
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DEVELOPHENT OF SOIL DYNAMIC REAPONSE MODEL
!A computations of ground vibrations caused by industrial

operations, aubways and similar man-made sources, it has been experimentally
verified that the soil can be considered as an elastic wedium, Vibrations
are transmitted through the soil essentially in two body wave forms and one
surface wave form. One body wave, the compression or P-wave, genorates particle
motion in the direction of wave propagation while the shear wave or S-wave
causes particle motion perperdicular to the direction of wave propagation
and produces shear distortions in the medfum. The surface wave, or Rayleigh
wave, is characterized by the concentration of encrgy near the surface of the
soil. They are analogous to the waves forming concentric rings when an

object 18 thrown into a body of water.

For saturated soils, the compression wave velocity is about equal
to the velocity of propagation of a compressicn wave in water, which varies
from 4800 to 5500 feet per second, The shear and Rayleigh wave velocities

are, for practical purposcs, equal and are slower than the compression wave

velocity, Tr2 two main factors, which §nfluence the velocity of propagation

of waves, aro density and coniining pressure, Thus, at increasing depth,
wave velocities incrcase as shown on Fig 1I1-12,

The computation of the dynamic response of a soil system differs
considerably for simflar comﬁutntions for a struciural system. When a vibtration
is produced in the soil, the energy propagates in the form of waves and {s
reflected at free surfaces and changes in materiala., The wave energy is
eventually lost efther by propajation ti infin{ty or by the generation of

heat from internal soil damping. When formulating a finite element model

STAT
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to represent the soil, only a limited porttop of the real system cea be
1uc1uldcd in the wodel, ‘and artiflcisl boundaries must be creaisd. Conven-
tional finite elemenc computar programs can only lLisndle free, roller or
fixed supports alonj the boundsrigl. Bdundartcl of this type cennot be
used for the solution of dynamic sofl-structure interaction preblens since
waves will be reflected at these boqndarlol;t This, in effect, causes
resonant frequencies which are dependent uﬁ‘af;he size of the model used to
represent the soil, There are two methods of ireating the boundary to over-
come this problem. Both methods have been developed by Dr. John Lysmer at
the University of California who was retained as a special consultant on
this aspect of the problem. The methods are described in the following

paragraphs.

Type A Boundary Conditfions

One method utilized to prevent reflection of wave energy at the
artificial boundaries of the model 18 shown at the top of Fig II-13, Tﬁe
model consists of threec zones, Zone 1 is composed of a finite element grid
that includes the source of vibrations, Waves generated by the source are
propagated to the left and right boundaries of Zone 1. Beyond these bound-
aries, the soil is considered to be a laycred system extending to infinity
so that the waves propagate outward and are not reflected back to Zone I.
The noil underlying Zone I 18 treated as a fixed boundary to represent bed-
rock or a very stiff soil.

The advantage of this modcling techinique is that a relatively
limited finite elcment mesh may be used to represent the system being analyzed.,

Once the conditions at the boundary of Zone I are computed, it is possible to

STAT

Declassified in Part - Sanitized Copy Approved for Release 2012/08/30 : CIA-RDP79B00873A000800020086-1



Declassmed |n Part - Sanitized Copy Approved for Release 2012/08/30 : CIA- RDP79800873A000800020086 1

. STAT

eouputc the displacements at any peiut within Zones L and % through &
closed form set of simultansous equations,
Type B Boundary Conditions
A second technique used to tcprcscht the infinite cxtént of the
- 801l is to provide an impedance matched boundary as shown on the lower pos-
tion of Pig II-13, It can be shown mathematically that a wave propagating
through soil produces stresscs directly proportional to particle velocity,
Thus, a non-reflecting boundary may be produced by using viscous dampers
which develop stresses in direct propurtion to p;rticle velocities at the
boundaries, The viscous dampers lhoﬁn on Fig TI-13 generate the normal com-
ponent of stress and a similar series of dampers must be included to generate
the shear component of stress. With this technique, the stresses and dig-
placements may not be computed outside the zone of the finite element model
ds they could using the other technique,
ANALYSIS OF SOIL RESPONSE DUE TO SUBWAY INPUT
Vibrations caused by the subway system are of a random nature that
can be mathematically transformed from a displaccment~time relationship to
an amplitude frequency relationship through a Fourier transform. A coefiicfent
of this transform, aultiplied by the steady-state amplification factors of the
responsc of the structure to a unit {nput at the subway, gives a coefficiont
of the Fourier transform of the response of the structure. The vibration
neasurenents of the subway tunnel taken by the WHATA Consultants were reduced
by octave band filters which provide the equivalent of a Fourifer transform.

The amplitude -frequency spectra of floor motfion in the styucture were obtatned
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by multiplyiag the subway -pccira by the amplification factor for steady- &
'ltlt‘ motion at sach frequency., As briefly discussed in a previous section,

the first step in the analysis was to determine the ground response at the

" elevation of the footing+ using tﬁo finite element snalysis.

The model for this portion included the subway tunnel, the soil and a mass
loading on the soil to represent the inertia of the structure, Comjutations
wor; also made without the mass loading of the otructutc‘to assess its influ-
ence. The resuits of these caunputations provided the necessary data for input
to the structural response frams model.

The steady-state frequency response of the finite element svstem,
shown on Fig II-12, was computed using four, slightly different models to
consider the depth to the lower rigid boundary and to study the effect of
the structure on the motion caused by the subway system. Por convenience in
the analysis, a unit displacenent input was assumed at the subway to arrive
at the magnification factors for each frequency, All models assumed that
the soil damping was 1-1/2 percent of critical, a value co;sidered appropriate

for the site's soils and degrec of excitation.

Model 1 -~ Symmetric Model With Building

For this model, rock was assumed to exist at a depth of 230 feot
below the ground surface. Symmetry was taken about a centerline between the
two tunnels with the edge of the building extending to i{nfinfty from points
located 30 fcet from the tunnel centerline. The mass loading of the building
included in the modi 1 increased the unit weight of the upper 5.8 feet of sofl
by 136 pounds per cubic foot with no change fn the wave velocity., The finite

element mesh used for this model consisted of 234 elcments.

- -
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Hodel 2 - Symmetric Model Without Building

This model was the same as Model 1 except that no increase im unit

Ve

weight was used to account for the maos of the building. These results were

A

3 1

used to study the significance of the mass of the building on the ground motion

from the subway,

Model 3 - Deep Symmetric Modal With Building

Model 3 was identical to Model 1 except that the location to bedrock
was increased to & depth of 300 feet below the surface. o

Model 4 - Lacge "Exact' Model

Model 4 most closely represents the real system, but it {s much more
complex. The results ware used to verify the adequacy of Model 1, which assumes
symmetry and considerably reduced the amount of computations on the computer.,
The edge of the building was located at the correct distance of 68 feet from
the vertical line midway between the two tunnels. The finite element mesh
extended from the left side of the left tunnel to the edge of the building.

The depth to bedrock was taken as 230 fect.

LOAD CASES CONSIDERED FOR THE
ANALYSIS OF GROUND MOTIONS FROM THE SUBWAY

8ix load cases were considered for the various models described
above. The results of the computations for these load cases are shown on

Figs II-14 to 26. Each curve is labeled with a coding system, For example,

a curve labeled 3V20/68 fndicates l.oad Case 3, vertical motion at a distance
68 feet from the centerline of the model cuused by 20 Hz of unit cxcitation
at the tunnels. The conditfons for each load case are described as follows,
As an aid to the reader in studying the results presented on Figs
I1-14 to 26, Table I1-VI summarizes the various load cases and models used

for the aralysis.

i«
P
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Yigures II-14 through 17-17 show the resultirg horiszontal and
vertical magnification factors at the foundation level versus distance from
the tunnel centerline for Model 1 considering both tunnels excited by a
unit vertical displacement vibrating 1n-phalo; Computations were carried
out at frequencies of 4, 6, 10, 12.5, 15; 12.5, 20, 22.5, 25, 27.5, and 30
cycles per second. :
The data shown on Figs II-14 and II-15 indicate that the vartical
subway motion will cause magnified horizontal motions in the 10 to 15 Nz

range and that motion caused by exciting frequencies higher or lower thin

this range will be attenuated, As indicated on Piygs 1I-16 and II-17, vertical

STAT

motion at the base as caused by vertical vibration at the

two subway tunncls will be genarally attenuated except for a small frequency
range around 10 Hz.

Figures 1I-18 and II-19 show the magnification factors for dis-
placements on a vertical line beneath the edge of the building at a distance
of 68 feet from the line of symmetry i{n the model. These are plotted tor
frequencies of 10, 15 and 20 cycles per second. The corresponding displace~-
ments beneath the center of the building (268 feet from the centerline of
the model) are shown on Figs II-20 and 11-21., Except for frequencies in the
10 to 15 Hz range, these resulis generally {ndicate that attenuation is occur-
ring as the vibration is transmitted to the surface and to lower depths.

Cose 2 |
Case 2 uses the same loading conditions as Case 1, bhut {% {s

applied to lodel 2 to show the effect of the ".uilding. As noted in the

previous section, Model 2 assumes that the building does not cexist.
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o Qo com»mlson OF LOAD CASES 1 AND 2 |
il } . — P —
; Magnification Factor | Hagnific.ation Fac:or,; S
" With Building Without Building ~ Motion* Excitationt#
(Max) a oo (Max) ' L] Type Proquency (Hz)
1.04 LY R Pt {"\“: .| Hortzental 10
2.68 oy .18 {'". | Horizontal 20
LI 'x‘ ) \ g B v O , St ' “’
1.22 1 12 | Vertical 10
0.68 ol o0 ] verttea 20

STAT

* Motion experienced at base

% Exciting motfion f{s a unit a'iuplecément {n the vartical direction in both
tunnels acting simultaneously and in phasae. .

l These results suggest that tha ;Qrenence of the building causes
I an attenuation of horizontal motion and only a slight amplification of
' vertical motfon at the frequencies considered. Thercfore, in a practical

sense, the building doue, ..ot significantly alter the incoming motion to the

foundation.
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Case 3 .uo uuo the un mam conditions as Case 1, but thay ave

applied to nodo!. 3,-%%'. 1ck uu-u that bedrock, ot "rigid boundary" in the fin~

'ol these re.qlt.

luunnii:ed in the following table:

TABLE II-II

response to assumptions regarding this lover boundary.

COMPARISON OF LOAD CASES 1 AND 3

ite slement anlly:;o. is at a depth of 300 feset instesd of 230 fest. The pur-
‘»gf'.‘ pouo of this loadin; case is to investigate the sensitivity of the p:o‘tctcd soil
| Figure 11-23 shows

the computed magnification factors for frequencies of 10 and 20 Hz, Comparison
with Figs II-14, 1113, II-16 and 1I~17 yields the results

Magnification Factor*
- (Max)

("rigid boundary" at
depth 230')

(Max)
("rigid boundary" at
depth of 300')

Magnification Factor*

Motion**
Type

Excitationt##
Frequency (liz)

1.04
0.68
1.22
v.68

1.52
0.60
0.92
0.38

Horizontal
Hori{zontal
Vertical

Vertical

10
20
10
20

STAT

#  Magnification factors are for distances greater than 68 fcet from the
tunnel centerline.

STAT

#%  Motion expericnced at base

both tunnels acting simultancously and in phase.

These results, plus those shown on Fig 11-24, indicate that the predicted
motion is slightly scnsitive to the assumption regarding the lower boundary,

particularly in the low-frequency range. lowever, with three of the four

|
l A%k The exciting notfon is a unit displacement in the vertical direction in
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Model 4. As previously dioc\tuod Modc%”4ril 1atacv, nad chcorctically uorc B
exact than Model 1, in that 1t\nns;;os' thet ;he oast cd;o of thc supetinposcd
load caused by thc buildiag ic 65 foct t:on the tunncl c;néatlino and only

on one side of the tunnels;. wheraaa Nodei)i aasumne ;hat thc ctat ed;c of the

Y 4)\

building is 30 feet from the tunnel cantetline and on both -ides of the atreet.

or subway system., The more exact model Wiy not used througnout tho nnalysic
3/ B

because of the much greater computer tine und cost required. Couparing the

maximum magnification factoru shown on Fig II =25 uith those listed in the
previous tubles indicates the followiﬁg relultt.‘
[ ’ a l

. TABLG I[~IIl'

COWPARISON OF LOAD CASES 1 AND l

Magnification Factor¥ Nagnificnt‘an Factor* ' '
(Max) S (Max) <. Motionk# Excitation###
(Model 1) ("Exent" Model) , Type Frequency (Hz)
- —— v —— wle
1.04 N 1.28 .. ..". | . Horizontal 10
1.22 | 080 1 Vertical 10
- w——h

®* Magniffcation factors atc for dletances 3rcaLer than 68 feot from the
tunnel centerline, . )

*% Motion experfenced at base

*r* The exciting motion 13 a unu dlspla ament in the verticnl Jdirection {u
both tunnels acting simultancously and in phaso. : ,

i
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m ruulu in Table 1I-1II twuu that the use of Nodel 1 M

',\

ua umutod uou-pum uc nuoubly appropriats but not eunmttn
tor hotuonul uouon. mntou. it vouu appest thu ‘soms type of cor~

 rection tuc:or -uht be mm:hu. Yor unmca. m night uie the ratis

L)

e
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Cate 3

llg

of thc naxisum ilunttication fartora. i.0., corrccetoa factor « CF =

1, 28/1 o& - 1 18, Hovever, the use of ouch R tcctot is not practical for
bnaicclly two reasons - (1) ns seen in the !ollowingluoction on structural
rosponac, thc horizontal uotion is -evcroly cttenuated ee 1t txavclo up

throu.h £ho ottucture. and (2) otnco thc 1nput notion at the subvay is defined

s

L uVer surh a ;rcat range as shown on ?1; II- 6, the application of a correction

b Wb

factor on the ovder of 18% does not {mg rove thc accutacy of thc analysis.

Therefore, the reaulta of the Model 1 conputer runs are being used directly

) '

in the -ctuﬂtural reaponse.

The large and morec exact Hode\ 4' discunced in the previous

/o

paragrarhs wvas also used to enalyze the coil Tesponse vhen only one

tunnel was excited. The objective of thia cape was to determine tho effoct

. of two trains versus one train running simultancously past Buildlng 213,

A reviaw of the two cares as nhown on Fig 11-26 and the results in Table
I1I-1V, indicates that, as expected, tho excitation of only one tunnel produces

dllplacemcnta somcwhat smaller than those when both tunnels are excited.

»
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TABLE II-1v
COMPARISAN OF LOADING CASES 4 AND 5
— - ;|
Magnification Pactort Magnif‘cation Pactort /
(Max) (Max)
(Two Trains Running) (One Train Running Motion Excitation
in Bouth Tunnel) Typett Praquenty, He
1.28 0.92 Horizontal 10
0.82 0.7% Vertical 10
—
*  Magnification factors ar. tor distances greater than 68 feet from the
tunnel centeritng. STAT

#4 Motfon expariciced at bane

It {s Interesting to antg hat even thuugh the energy input 1s
twice as great wi.en two trains are . unnig, the sull vesponge 18 only about
1.4 times greater for the horizontal ot on ard only obout 1,1 times Breater
for the vertical motion. This {s atteil ted o the greater distance that
the wave forms must travel when the north tunuel {s exclted, Ae suggested
bv Pig 11-26, 1t appoacs that tie wave com inat:on Li:g2 generater titv hore
izontal mction 1s a result of twe peaks, oiw ‘o4 each tunnal, s:rlving
at the same time and adding. For vertical mo: on, it appears ).t a jeek
from the south tuinel fg arriving st the same '‘ue ac n valle. from tt. nov:h
tunnel with a resulting . ..octh curve which fs s. {ghtly Ligr ¢,

These results suggcit that (1) the asru~ption of twe trains

passing simuitaneously and in phase 1s not en over-conservative assunpedon,

and (2) littio 18 to be gained Ly restricting subwa scheduling so as to

preclude the posalbility ol two trains passing simultancously in front of
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Caso 6

All the input rotfon at the subway tunnels considared up to this
point has been vertical, rather than horizontal (transverse to the axis
of the tunnel) primarily because vertical motions are generally considered
to be at least an order of magnitude greater. Fven though the horizontal
input motion is much emaller, it 18 conceivable that it could be amplified
considerably more than the vertical motion., Therefore, Case 6, which assumes
that the south tunnel only is exciced by a unit horfzontal displacemont
was investigated with the larger and more exact Model 4., The results are
shown on Fig 1i-27 and compared with Case 5, on Fig I1-28 and in Table II-V,
which asrumes ore tunnel excited vertically,

TABLE 1I-V

COMPARISUN OF LOAD CASES 5 AND 6

Magnification Fritor®| MNagnification Faclr#
(one train - Casae $5) (one train - Case 6) botion%# Excitation
Vertical Excitation Horf{zontal Excication Type Frequency |
.93 1.0 tlorizontal 10
[ 0.75 1.22 Vertical 10

* Msgnification factors are for distances greater tian 68 feet from the

tunnel centerline.

*% Motion experienced at base

The da.a indicate that the vertical input portion will be trans-

mitted about the same as the horigontal input motion. Therefore, {f the
hor{izontal input motfon is an order of magnitude lower than the vertical

motion, then it can be c¢onsidered nejligible in assessing ctructural resfponse

as aiscussed {n the next s.ction of chis report.
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ANALYSTS OF STRUCTURAL RESPONSE FKOM GROUND MOTION INPUT

A previous section under "Davelopment of the Struciural Model"
discusses the development of the structural model which wes used to obtain
the response of the structure from the ground motion input computed using
the dynamic soil model, To compute responses of each floor, the comput
program 'ANSYS' was used,

The responre of the lumped prrameter structural model was ohtafined
by defining the displacement conditions at the base of the model {n terms of
real and imaginary components obtained from the Case 1 loading conditions
of the dynamic soil model. The real and imaginary parts represent the in-
phase and 90 degrees out of phase components of displacement with respect to

the unit real displacement input at the tunnels. The steady-state response of

17.5, 20, 22.5, 25, 27.5, und 30 Hz.

The vertical and horizontal motion spectra at tyrical nodes are shown
on Figs 11-29 to 11-33, These curves were obtained by multiplying the ampli-
fication factors at each frequency by the displacement input of the subway at the
the corresponding frequency on Fig II-4, The results indicate that the maximum
component of vertical floor displacement will occur at 10 liz. The peuak vertical
ground displacement also occurs at 10 Hz. This correlates well with the pre-
dominant ground motion ffeqwencies produced by busses, trucks and trains
summarized in Table I-II1I,

The peak horizontal and vertical displacements at 10 Hz have been
plotted for each floor of the structure on Fige I1--34 and I1-35. Figure II-34
indicates that the vertical displacement is the same at each floor level and

equals the vertical component of ground displacement. The cyclic varfation of

l the lumpe ( parameter model was computed for frequencies of 4, 6, 10, 12,5, 15,

we ok TR

. ] . - ‘ —w‘ -~ . » ) i ! - - -
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the vertical displacement is not considered as an accurately predictable
phenomenon and should not be used us a guide to location of high and low
vibration levels, «Consecquently, tho du-hed line through the peaks {is
included and should be considered as representative of the predicted magni-
tude at cach location,

The horizontal component of floor displacement plotved on Fig 11-35
fllustrates the attenuation 'th increasing floor level. The attecauation is
characterized for ground motions at relatively high frequencies compared to
the natural frequencies of the structure.

Comparison of Predicted Vibrations From the
Subway wilh Present A.oient Vibrations

Figure 1I1-36 compares the motion spectra at Node 47 to the ambient

vibrations presented on FPig I-4, Node 47 is representative of the maximun

vibrations croduced by the subway at the north end Line "A" STal

represents an upper bound envelope on the present vibration environreat
excluding temporary disturbances caused by trucks, busses and trains, while
Line "B" Sncludes the effect of these temporary disturbances, It s noted
that in ¢he low frequency range, Line "B" is based on measurcments made
outside the structure on the ground and not on the floors per se. The
justification for the use of these data lies in the fact that our computer
analysis indicates that ground motion at this frequrncy is transmitted upward
through the building virtually unchanged. Therefore, it is . appropriate

to compare the res;....cs of Node 47 with either Line "A" or Line "B." Based

on this corparison, it is concluded that the propos:d subway system will

PR
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significantly affoct the present environment (Line "A"), but the disturbance will
not be greater than that presently caused by trucks, busses and trains (Line "8"),
- Thie conclusion (s undergoing further checks to determine the effects of input
frequencies precisely equal to the natural frequencies of the floor syatems
throughout the structurc as it {g entirely cincefvable that che extent of the tem-
po;ary disturbance might be greater than predicted above if a resonant condition

develops. The results of this portion of the study will be reported in Appendix B,

SETTLEMENT |
DUE TO SUBWAY CONSTRUCTION

A comprchensive report(z) dealing with the problem of settle-
ment during construction of the subway has been prepared by MATA's soils
consulteant. This report has been reviewed by EDCE and the results and

conclusions are refterated below,

As discussed in the Subsurface Investigation section,

18 underlain by soils of the "25-foot" Plefstocene terrace which extendy
downward to the Cretaceous surface betwren E1 -30 and -40, Consolidation
tests indicate that the terrace soils are overconsolidated by drying to

approximately 7 tons per square foot in excess of the overburden pressure

near the top of the layer and to approximately 2 tons per square foot in

excess of the overburden at El -20.

The spread footiugs for vary in sfze as shown on

Fig 1I-12 and were designed for a net average pressure of 3 tons per square

foot. The bearing area of the footings covera approximately 1/3 of the
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|

|

. entire building area, thus the average pressure fs 1 ton per squcre foot over
the building arca, On the Lasis of a 30-foot drawdown in the water table,

' negligible settlements will occur during the dewatering of the subway
system. The loading of the sofl from drawdown is equivalent to the load

I that would be produced if the design live load of the building weve applied

( I to the first four floors.

The major problem related to settlement during construe!{on
will occur from loss of ground during tunnel excavation. Dewatering
may be difficult in the lower Pleistocene soils and running or flowing
sands may be encountered, It has been estimated that settlemeats of
the North Building line might be on an order of 1/4 inch under the most
unfavorable construction procedures. To minimize loss of soil by flcwing
conditions, dewatering of the Pleistocene layer shoul Le completed prior
to construction. Also, the North Tunnel construction should be completed
prior to commencement of work on the South tunnel,

Settlements of the order of magnitudes predicted are not con-

ef a relatively uniform n-'ure and will not create any noticeable effects.
The scttlement frow loss of ooit during excavation of the tunnels 1is entirely
a function of constructfon control, By constructing the North tunnel ficst,
expericnce wili be gained so that the ground loss during construction vf the
south tunnel may be kept to a minimunm.
CONLLUSIONS
The conclusions cf this re,ort are based on computations p.edficting

the vibrations that will be produced by the subway system to be constructed

i: sidered to Ye serfous. The settlement from dewatering 1s expected to be

st . A - “ N . LR R

SRSy L R v vE 10 " “ s o
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under M-Streot. Supplementary computer runs are in progress and will be
discussced in a forthcoming appendix. Based on present information, the

following conclusions are d. awnt

!

STAT

a6l

Present ambient vibrations are random in nature and are
caused, for the most paét. by normal office-type activity

of persons in the building,

Vibrations are of the order of 50 perzent greater than

the average near ventilatlion ducts. Elimiration of vibra-
tion from the ventilation ducts would not significantly
improve the vibration environment.

Reduction of the floor vibrations by altering the structure |
is not economfcally feasible. Therefore, elimination of the V///
work bench vibrations w’ll cequire alteration tc the instru-
nent itself.

The proposed subway system will significantly affect the

STAT

present vibration environment of but the dis-~ v///

turbance will not be greater than that presently ceused by

trucks, busses and trains passing cutside the building.

STAT
Settlement of th structure during construction \ b///

of the subway wiil be negligible,

_ Respectfully gubmitted.

STAT
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MODELS_USED

)

STRUCTURE

stmucrune 12
b

O l+300' 801L

LOAD CASES
CASE | CASE 2 CASE 3 CASE 4 CASE 8 CASE 6

® \NpUT VERTICAL VERTICAL VERTICAL VERTICAL . VERTICAL HORIZONTAL
BOTH TUNNELS BOTH TUNNELS BOTH TUNNELS BOTH TUNNELS SOUTH TUNNEL SOUTH TUNNEL
IN-PHASE IN-PHASE IN-PHASE IN-PHASE (RIGHT TUNNEL) (RIGHT TUNNEL )
(MODEL 1) (MODEL 2) (MODEL 3) (MODEL 4) s (MODEL 4) (MODEL 4)
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